Background: C7 has relatively unique anatomy compared to the remainder of the subaxial cervical spine (C3-C6) and upper thoracic spine. The C7 laminar has been previously reported in feasibility and biomechanical studies as an adequate fixation point in contrast to the lateral mass or pedicles, with few reports of its use in clinical practice. The purpose of this study was to review the safety and efficacy of using the C7 laminar as a fixation point in constructs involving the cervical spine and cervicothoracic junction.
Introduction
The cervicothoracic junction provides a similar yet different challenge to the thoracolumbar junction in that it marks the transition from the mobile cervical spine to the relatively rigid thoracic spine, yet the anatomy of the cervical and lumbar vertebrae is markedly contrasted. In contrast to the thoracolumbar junction, the mainstay of posterior fixation in the subaxial cervical spine is lateral mass fixation with high fusion and low complication rates (1), compared to Original Study C7 intra-laminar screws for complex cervicothoracic spine surgery-a case series similar results obtained with thoracic pedicle screw fixation (2) (3) (4) . Of note, C7 has been successfully used as an anchor point using its lateral masses (5) and pedicles (6, 7) , although in many patients the lateral mass of C7 may be small, and pedicle fixation can be technically demanding and require a wide exposure. Higher level cervical pedicle screw fixation has been well described but is also technically challenging with greater consequences of pedicle breaches (8) .
Similar to the thoracolumbar junction, pathology requiring fixation in the cervicothoracic junction is variable. An et al. reported a diverse range of pathologies involving the cervicothoracic junction in 36 patients (9) , and in one series of cervical spinal trauma, 9% involved the cervicothoracic junction (10) .
One of the additional challenges of transitioning from lateral mass screws in the cervical spine to pedicle screws in the upper thoracic spine is appropriate rod contouring. Notching of rods has been shown to reduce the strength of implanted rods, and so any construct that minimizes this can potentially reduce the chance of fatigue cracking (11, 12) .
Bozkus et al. showed that posterior fixation alone is stronger than anterior alone instrumentation in 2 level lower cervical instrumentation, with combined approaches providing increased rigidity. They also noted that there was no difference between pure pedicle cervical pedicle screw fixation and combined lateral mass/pedicle screw fixation (13) . The increased rigidity of posterior fixation compared to anterior plating was also confirmed by Bueff et al. (14) .
The C7 laminar is a relatively novel posterior fixation point, but has been used safely and effectively at our institution. The purpose of this study was to review the outcomes of our cases where C7 laminar fixation was used.
Methods
Retrospective data was analysed using following Institute Review Board (IRB) approval as part of the Spine Tango database at our institution. Spine Tango data and medical records of all patients treated by the primary surgeon (MS) from February 2013 to July 2016 were reviewed.
The surgical technique is similar to the well described technique for C2 laminar screw fixation as described by Wright (15) . Pre-operative computed tomograms (CT) or magnetic resonance imaging (MRI) scans are measured to determine if 3.5 mm screws can be safely placed within the cortical margins of the C7 laminar. Open exposure of the C7 laminar is made with preservation, if appropriate and possible, of muscular attachments at the tip of the spinous process. A high speed drill or pedicle awl is used to enter on the laminar margin, often at the junction with the spinous process, and the contralateral laminar visualized to determine appropriate angle and height. As the second screw can be more difficult to place, the first screw should be placed slightly higher within the laminar as the C7 laminar is typically thinner superiorly. This allows the second screw to be placed inferiorly in the laminar. Following entry to the cancellous bone of the laminar the pedicle probe or burr is used to advance to a depth of typically 26-34 mm in the contralateral laminar from the starting point. Palpation of the previously probed tract using a pedicle sound/feeler is used to confirm integrity of the laminar walls and then tapping is performed prior to definitive screw placement. Polyaxial 3.5 mm fully threaded screws, usually used for pedicle or lateral mass fixation, should be left 1-2 mm proud of the entry point to allow for rod connection. The screws form a crossing inter-laminar construct.
In the case of C7 laminar screws being used in a long cervicothoracic construct, short trans-connectors are recommended to attach the screws to the rods, allowing a smooth transition between C6 lateral mass screws and T1 pedicle screws. A cut 3.5 mm crosslink is an alternative to trans-connectors ( Figure 1A ,B).
Results
Ten patients had C7 laminar screws sited. Nine patients had bilateral C7 laminar screws and one patient had a unilateral C7 laminar screw sited. Six patients had trauma as an underlying pathology and all had anterior fixation which was augmented by posterior fixation, 2 of which were related to pseudoarthrosis from previous anterior standalone surgery. Two degenerative cases for cervicothoracic deformity with myelopathy involved combined staged anterior and posterior instrumentation, correction of deformity and fusion. One degenerative and one tumour case (pathological fracture) required posterior fixation alone. There were 6 males and 4 females. Median follow up was 1 year for all surviving patients (range: 6 months to 4 years). All patients undergoing fusions for degenerative conditions had greater than 1 year clinical and radiological follow-up. The single patient with only 6 months follow-up underwent surgery for an unstable fracture of the ankylosed spine and is the last patient in the reported cohort.
No intra-operative complications were identified and all screws were contained entirely within the laminar in the nine patients with post-operative CT imaging. The remaining patient passed away 2 weeks post-operatively due to respiratory failure from a cervical spinal cord injury, prior to standard post-operative CT being performed.
One patient with a pathological fracture secondary to multiple metastasis and spinal cord compression died 6 months following surgery secondary to progression of extra-spinal disease. One patient with degenerative disease was a revision case and had superficial wound breakdown without infection requiring debridement.
One patient required removal of crossing C7 laminar screws for a posterior laminectomy and intra-dural surgery after solid fusion was achieved due to a cerebrospinal fluid (CSF) circulation disorder with syrinx formation. This was at the site of a traumatic spinal cord injury secondary to a fracture of the ankylosed spine. CT scan prior to removal showed complete fracture healing with well-placed C7 laminar screws. At the time of surgical removal, a solid arthrodesis was confirmed and the screws, end caps and associated short transconnectors removed easily from the middle of the construct without complication.
All surviving patients had clinical and radiological evidence of complete fracture healing or solid arthrodesis at last follow-up with no evidence of instrumentation failure. Figures 2 and 3 show the pre-and post-operative key CT images in two of the patients who successfully underwent C7 laminar fixation following anterior stabilization in the setting of trauma.
Discussion
Feasibility of the C7 laminar as a fixation point was first reported in a cadaveric study by Cao et al. and found that 16 of their 22 cadavers studied had a laminar thickness of at least 4. found that 239 of 240 C7 laminae would be suitable for a 3.5 mm screw with 1 mm clearance on either side (16 (22) . A final biomechanical study was also performed by Hong et al. showed superiority of pedicle screw fixation in C7 but with superiority of laminar fixation when compared to the lateral mass (23) . Few case series have previously reported results regarding the C7 laminar as a fixation point. Hong et al. first reported 4 patients with C7 laminar screw fixation, 2 with bilateral screws and 2 with unilateral screws (24) . No complications other than one asymptomatic dorsal breach of the laminar were reported. The same 4 patients were then reported in combination with a series of 21 patients with C2 laminar screws (25) . Jang et al. described 13 patients with 17 C7 laminar screws, with 2 dorsal breaches and no other complications identified (26) . A case report of successful C7 laminar screw to supplement C3-7 lateral mass fixation was made by Koltz et al. (27) . Finally, Xia et al. reported a series of 12 patients with unilateral or bilateral C7 laminar screws sited without complication (28) .
In analysis of alternative fixation points, namely the C7 pedicle and lateral mass, Xu et al. found the pedicles of C7 to have more consistent anatomy than the lateral masses (29) . Abdullah et al. measured the lateral masses of C5, C6 and C7 on the CT scans of 25 males and 25 females, finding that although C7 decreased in medial-to-lateral width compared to other levels, they also had an increase in sagittal height and sagittal diagonal height, with no significant difference in volume of lateral mass between any of the measured levels (30). Ebraheim et al. assessed nerve root position relative to the superior articular facets for the C3 to C7 lateral masses, and found the C7 root was closest to the superior articular facet (mean distance 8.5 mm +/−0.9) (31). Mazel et al. reported 32 patients who underwent posterior fixation for cervicothoracic junction tumours, and identified two patients where the C7 lateral mass screws crossed the articular facet, but managed to avoid injuring the C8 nerve root. They attributed the use of short screws as an explanation for avoidance of this complication, although they did state a preference for bicortical fixation at that level (32) .
Tatsumi et al. compared mechanical parameters of four different rod-and-screw-based constructs for crossing the cervicothoracic junction. The weakest of construct involved scan images of a patient with a traumatic dislocation at C6/7 and ruptured C5/6 disc managed with anterior cervical discectomies at C5/6 and C6/7, then supplemented with posterior fixation using bilateral lateral mass screws at C5 and C6, and bilateral C7 laminar screws (28 and 32 mm). paired 3.5 mm diameter rods, which was shown to be inferior to paired 3.5 mm/5.5 mm transitional rods, as well as paired 3.5 and 5.5 mm rods joined with solid or hinged domino connectors (33) . However, Yang et al. showed increased complication rates, blood loss and operating time associated with transitional rods over small rods, with nonetheless similar pseudoarthrosis rates (34) . A biomechanical study simulating C7/T1 injury used lateral mass screw fixation in C5 and C6, with pedicle screw fixation in T1 and T2 with two rod-screw systems and one plate-screw system showed satisfactory stabilization with all three constructs for a two-column injury, but not for a three-column injury without anterior stabilization (35) . To our knowledge there is no biomechanical study of a rod construct involving C7 laminar fixation; this would worth performing in the future to confirm adequacy of using C7 laminar fixation in posterior constructs.
Conclusions
Use of the C7 laminar as fixation point in constructs that cross or stop at the cervicothoracic junction allows for ease of rod placement with minimisation of rod contouring without compromising biomechanical stability. Further, larger case series and biomechanical testing is warranted to confirm its clinical utility.
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